Background-Coronary CT angiography (CCTA) is an excellent tool for noninvasive assessment of coronary arteries in low-to intermediate-risk individuals. However, the accuracy of CCTA heavily depends on image quality. Our objective was to develop and validate a tool to predict pre-CCTA risk of obtaining an uninterpretable result in symptomatic patients. Methods and Results-Among 8585 symptomatic patients, we identified variables independently associated with the presence of at least 1 uninterpretable major coronary segment to create the uninterpretable risk score (URS). This risk score was developed using both clinical variables and patient variables acquired at the time the CCTA was performed (heart rate and coronary calcium). The URS was then prospectively validated among an additional 915 symptomatic patients. The URS was predictive of uninterpretable results in both the development and the validation cohorts. For every 4-point increase in the URS (range, 0 to 12), the rate of at least 1 uninterpretable coronary segment per 100 CCTA studies increased Ϸ1.5 fold. Increased heart rate and coronary artery calcium score were predictive of uninterpretable CCTA study results. Uninterpretable results were associated with 3-month outcomes in the development cohort. Conclusions-The URS can categorize patients who are likely to have at least 1 uninterpretable major coronary segment on CCTA. This may aid in appropriate patient selection for CCTA and avoiding radiation exposure in those likely to have an uninterpretable study. Clinical Trial Registration-URL: http:///www.clinicaltrials.gov. Unique identifier: NCT00640068. (Circ Cardiovasc Imaging. 2011;4:490-497.) 
C oronary CT angiography (CCTA) is the fastest growing cardiovascular imaging technology in the United States, 1 and its clinical utility relies heavily on acquiring high-quality images of the entire coronary tree. Acquisition artifacts and extensive coronary calcification 2,3 that can jeopardize CCTA image quality often are unanticipated and frequently preclude accurate assessment of coronary anatomy. Other patient factors that negatively influence study quality (ie, obesity, advanced age) are easily assessable and aid in appropriate patient selection for CCTA. In symptomatic patients, the presence of a single uninterpretable coronary segment can create uncertainty regarding an underlying severe coronary artery disease (CAD), rendering the CCTA nondiagnostic. 4 Such nondiagnostic CCTA tests may prompt further testing and not only create additional expense, but also subject patients to needless radiation exposure. 2 
Clinical Perspective on p 497
The rapid adoption of CCTA has created gaps in knowledge regarding patient factors associated with uninterpretable CCTA results. The identification of such factors would improve selection of appropriate candidates for CCTA and reduce the likelihood of nondiagnostic studies. The objective of this study was to develop and validate a simple clinical tool to predict the prescan likelihood of obtaining CCTA scans with uninterpretable coronary segments. presence of at least 1 uninterpretable major coronary segment (described later) to derive the uninterpretable risk score (URS) The URS was then prospectively validated among an additional 915 symptomatic patients enrolled in the ACIC between July 1, 2009, and October 28, 2009. The ACIC is a collaborative quality improvement initiative sponsored by the Blue Cross Blue Shield/Blue Care Network of Michigan to improve the practice of CCTA and currently includes 50 hospitals and outpatient imaging centers. Details of the registry, location, and other descriptors have been described previously. 5 The ACIC registry includes a waiver of consent, and the present study was approved by the ACIC scientific committee as well as by the Institutional Review Board of William Beaumont Hospital (Royal Oak, MI).
Only symptomatic patients referred for CCTA as part of the clinical evaluation of CAD were considered for inclusion in the study. In the development and validation cohorts, patients who were aged Ͻ18 years; asymptomatic; pregnant; had prior coronary stenting or bypass grafting; or underwent CCTA for the evaluation of congenital heart disease, anomalous coronary arteries, cardiac masses, or pericardial disease were excluded (Figure 1 ).
Data Collection
The data collected for ACIC patients include information about demographics, coronary risk factors, and medical history collected by research coordinators using a structured patient interview as well as office and hospital medical records. Specific questions pertaining to medical history, history of atrial fibrillation, family history of CAD, physical activity, and cigarette smoking history were collected and entered into the registry database. In particular, patients were asked whether they had chronic lung disease (eg, chronic obstructive pulmonary disease [COPD], emphysema, asthma, chronic bronchitis) and whether they had a history of atrial fibrillation. Sedentary lifestyle was assessed by asking patients the following: "Do you get a moderate amount of exercise at least 3 times a week (such as walking)?" The assisted patient questionnaire data collection form used in the registry is provided in online-only Data Supplement Figures I and II. Medications administered before CCTA, vital signs during scan acquisition, and CT scanner specifications were recorded in a structured case report form. All CCTA scans were acquired according to institution-specific protocols.
CCTA Interpretation
CCTA interpretation was performed at all ACIC participating sites using a 16-segment model of the coronary tree by an experienced reader with level II (or higher) training. 6 Based on published consensus guidelines for CCTA reporting, 6 coronary segments were characterized as interpretable or uninterpretable and analyzed for stenosis severity when possible. Secondarily, the overall impression of CCTA study quality was denoted as excellent, good, adequate, or nondiagnostic (described later). All results were reported on standardized ACIC data collection forms. The results of interpretation were communicated to referring physicians through standard clinical channels. Referring physicians were responsible for subsequent clinical decisions. The clinical interpretation data collection form used in the registry is provided in online-only Data Supplement Figures III through V.
Study Outcomes
The primary outcome was the presence of Ն1 uninterpretable coronary segment within an anatomic distribution posing substantial risk of myocardial injury. Coronary segments posing substantial risk were defined according to the coronary artery jeopardy score published by Califf et al 7 and included the left main, left anterior descending (proximal, mid, or distal), first diagonal branch, left circumflex (proximal or mid), first obtuse marginal, ramus intermediate, dominant right coronary (proximal, mid, or distal), or posterior descending arteries. 6 -8 Additional analyses (not reported here) were conducted and confirmed that incomplete capture of coronary segments (ie, diagonal arteries) did not affect study outcomes or frequency of patient variables in each patient cohort. Uninterpretable segments in other anatomic locations were excluded to avoid confounding by small vessels of sizes beyond the spatial resolution of CCTA. Any study with an overall impression of being nondiagnostic also was included in the uninterpretable CCTA group.
Often, CCTA studies with Ն1 uninterpretable coronary segment have isolated uninterpretable portions of the CCTA study, and the remainder of the CCTA data may provide diagnostic quality data. In other words, not all CCTA scans with Ն1 uninterpretable coronary segment are necessarily rated as nondiagnostic by CCTA interpreters. To account for this, the frequency and predictors of a complete nondiagnostic CCTA results were analyzed as a secondary outcome. In addition to the presence of Ն1 uninterpretable coronary segment, overall scan quality as perceived by the CCTA interpreter was recorded on the data collection form as excellent, good, adequate, or nondiagnostic. Collated reasons for adequate or nondiagnostic scans included motion, excessive calcium, poor intravascular contrast, or excessive image noise.
Additional Analyses
The URS prediction tool was designed to aid clinical practitioners to assist in prediction of patient factors that increase the likelihood of obtaining poor-quality CCTA results a priori to ordering a CCTA. The results of coronary artery calcium score (CACS) measurement and the patient's heart rate immediately before CCTA acquisition generally are not available to the clinician at the point of decision and were not included in our primary analyses. Nonetheless, both elevated CACS and heart rate are important factors that negatively affect CCTA scan quality, raise the risk of uninterpretable results, and are available to the physician performing the study; therefore, we provided these additional analyses. When available, we collected and analyzed calcium score measurement data on individuals who received CACS on the same day of CCTA. The association of heart rate (at CCTA acquisition) and CACS were described by replicating previous multivariable analyses and creating a second URS, using a similar method. Finally, limited data regarding the association of downstream testing and selected outcome events (limited to 3 months) to presence or absence of uninterpretable segments were recorded and presented in a limited format.
Online-Only Data Supplement
The sensitivity and specificity of URS scores for the prediction of uninterpretable results within the validation cohort (nϭ915) is provided in online-only Data Supplement Table I 
Statistical Analysis
Continuous variables are expressed as meanϮSD or as counts with proportions, as appropriate. Comparisons between groups were performed using 2 test, Fisher exact test, or unpaired t test, as appropriate. A 2-sided PϽ0.05 was considered statistically significant. Mantel-Haenszel 2 calculations were conducted to test for associations when 3 body mass index (BMI) group category variables were used and when 4 CACS variables were used.
Within the development cohort (nϭ8585) (Figure 1 ), different sets of variables deemed statistically significant with univariable techniques were further analyzed with stepwise binary multivariable logistic regression equations with both forward inclusion and backward elimination to verify statistical effect. For clinical relevance, only variables that were present in Ͼ5% of the patient population were included in the multivariable models.
To develop a practical risk score to predict at least 1 major uninterpretable coronary segment, we assigned weight points to the variables identified on multivariable analysis proportional to the ␤ regression coefficient values multiplied by 2 and rounded to the nearest integer. A risk score was then calculated for each patient and the development group assigned into risk score categories. 9 We then prospectively evaluated the risk score's performance in the validation cohort to predict the presence of Ն1 uninterpretable coronary segment. To evaluate calibration, Hosmer-Lemeshow goodness-offit tests were performed, and receiver operating characteristic (ROC) curves were generated. Statistical analysis was performed with SPSS version 16.0 (SPSS Inc; Chicago, IL) software.
Results

Characteristics and Outcomes in the Development Cohort
The development cohort comprised 8585 consecutive patients meeting inclusion criteria who underwent CCTA between July 2, 2007, and June 30, 2009. Baseline characteristics of the development cohort are shown in Table 1 , stratified by the absence or presence of Ն1 uninterpretable coronary segment. The overall meanϮSD age was 55.6Ϯ12.8 years (range, 18 to 98 years). The cohort consisted of 47.8% men. Aside from sex, family history of CAD, and smoking history, there were statistically significant differences in the frequency of all other variables between patients with Ն1 uninterpretable coronary segment and those without uninterpretable segments.
In the development cohort, scan quality data were available for 8536 (99.4%) scans. Scan quality was excellent in 36.5% (nϭ3131), good in 39.4% (nϭ3384), adequate in 17.1% (nϭ1468), and completely nondiagnostic in 6.4% (nϭ553). Among the scans where information was provided regarding Table 1 .
CACS measurement was performed in 4835 (56.2%) patients. Increased CACS by group category was associated with a higher likelihood of uninterpretable results ( Table 2 ).
Predictors of Outcome and Building of the URS (Without CACS and Heart Rate)
Variables associated with presence of an uninterpretable coronary segment are shown in Figure 2 . According to multivariable analysis, 7 parameters were independent predictors of an uninterpretable coronary segment: diabetes, hypertension, COPD, sedentary lifestyle, BMI (by categories of Ͻ30 kg/m 2 , 30 to 40 kg/m 2 , and Ն40 kg/m 2 ), age (by categories of Ͻ65, 65 to 75, and Ն75 years), and history of atrial fibrillation. (Hyperlipidemia, smoking history, and male sex were removed from the model for lack of statistical significance. Peripheral arterial disease, congestive heart failure, and prior stroke were not included in the multivariable model because they were present in Ͻ5% of the patient population.) Heart rate and CACS data were available in only 56.2% of the study population and therefore not included here (see subsequent analyses). The area under the ROC curve and results of the goodness-of-fit test are shown in Table 3 .
Factors significantly associated with the presence of Ն1 uninterpretable coronary segment were assigned weighted points proportional to the multivariable regression coefficient, multiplied by 2, and rounded to the nearest integer to allow creation of a simplified risk score. The ROC curve and goodness-of-fit for this model is described in Table 3 .
The components of the URS (without heart rate and CACS) are described in Table 4 . The mean URS in the development cohort was 3.8Ϯ3.0 (range, 0 to 19). As shown in Figure 3 , the uninterpretable coronary result rate per 100 CCTA scans increased Ϸ1.5 fold with each 4-point rise in the URS. 
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Predictors of Outcome and Building of the URS With Heart Rate and CACS
In the 4835 participants who had CACS and heart rate data, 7 parameters were independent predictors of an uninterpretable coronary segment: CACS (by categories of Ͻ100, Ն100 to Ͻ400, Ն400 to Ͻ1000, and Ͼ1000 Agatston units), heart rate (by categories of Յ60, Ͼ60 to Յ70, and Ͼ80 beats/ minute), diabetes, hypertension, COPD, BMI (by categories of Ͻ30 kg/m 2 , 30 to 40 kg/m 2 , and Ն40 kg/m 2 ), and age (by categories of Ͻ65 and Ն65 years) ( Figure 2 ). Hyperlipidemia, history of atrial fibrillation, sedentary lifestyle, smoking history, and male sex were not included for lack of statistical significance. The ROC curve and goodness-of-fit for this model is described in Table 3 . The URS (with heart rate and CACS) is provided in Table 4 . The mean URS in the development cohort was 4.6Ϯ2.3 (range, 0 to 20). Figure 2 shows the frequency of uninterpretable coronary result rate per 100 CCTAs by URS score category in this data set.
Characteristics and Outcomes in the Validation Cohort
The validation cohort comprised 915 consecutive patients meeting inclusion criteria who underwent CCTA between July 1, 2009, and October 28, 2009. Baseline characteristics of the validation cohort compared with the development cohort (nϭ8585) are shown in Table 5 . Within the validation cohort, the mean age was 55.3Ϯ13.5 years and consisted of 47.2% men. Aside from CT tube energy and administration of ␤-blockers, there were no statistically significant differences between the development and validation cohorts. CACS and heart rate data were measured in 499 (54.5%) patients in the validation cohort. There were no significant differences in patient characteristics, frequency of uninterpretable segments (15.6% versus 16.1%, Pϭ0.11), or percentage of complete nondiagnostic CCTA results (5.1% versus 6.4%, Pϭ0.11). Similarly, there was no difference in mean URS (4.1 versus 3.8, Pϭ0.17) between the validation and development cohorts.
Prognostic Value of the Risk Score Over Its Range
In both cohorts and with both scores (with and without CACS and heart rate), the frequency of attaining uninterpretable coronary segments increased Ϸ1.5 fold with each 4-point rise in the URS. Figure 3 shows the frequency of CCTA with Ն1 uninterpretable coronary segment by URS score category in the development and validation cohorts based on both scoring systems.
URS Performances in the Development and Validation Cohorts
The area under the ROC curve for the URS (without CACS and heart rate) was 0.59 (95% CI, 0.56 to 0.62) in the development cohort and 0.65 (95% CI, 0.58 to 0.69) in the validation cohort. The area under the ROC curve for the URS (with CACS and heart rate) was 0.65 (95% CI, 0.58 to 0.69) in the development cohort and 0.67 (95% CI, 0.62 to 0.72) in the validation cohort (Table 3 ).
Downstream Testing and Other Outcomes in the Development Cohort
The presence of Ն1 uninterpretable coronary artery segment on CCTA was associated with an increased frequency of subsequent hospitalization, stress testing, invasive coronary angiography, percutaneous coronary intervention, coronary artery bypass graft surgery, and myocardial infarction at 3 months in the development cohort (Table 6 ).
Online-Only Data Supplement Tables and Figures
The percentage of patients with uninterpretable results based on quintiles of age, quintiles of BMI, or URS score category in the development cohort (nϭ8585) (without CACS or heart rate) is shown in online-only Data Supplement Figure VI . Similarly, the frequency of CCTA results with measures of uninterpretable or nondiagnostic results based on URS score (without CACS or heart rate) within the development group is shown in online-only Data Supplement Figure VII . The sensitivity and specificity of URS scores for prediction of patients with uninterpretable results within the validation cohort (nϭ915) is provided in online-only Data Supplement  Table I . The frequency of Ն1 uninterpretable coronary segment per 100 CCTA scans (95% CI) according to the URS in the development and validation cohorts is provided in online-only Data Supplement Table II .
Discussion
Owing to its high negative predictive value, CCTA is considered appropriate for use in symptomatic low-to intermediate-risk patients for the evaluation of ischemic chest pain, 10 -13 and preliminary studies suggested reduced downstream resource utilization with CCTA. 11, 14 The ability of CCTA to exclude CAD as a cause of symptoms and to positively affect downstream resource utilization depends on adequate visualization of the entire coronary tree. The presence of even a single uninterpretable coronary segment may preclude ruling out underlying obstructive CAD. The frequency of uninterpretable coronary segments in a large population across centers (academic centers, community hospitals, imaging centers) and scanners (64-slice or higher) provides an objective assessment of overall CCTA image quality.
The results of the present study extend prior observations from the Rule Out Myocardial Infarction using Computed Assisted Tomography (ROMICAT) trial. 15 In ROMICAT, the frequency of scans with Ն1 uninterpretable segment was 16.1%. In the present study, we found similar predictors of uninterpretable results including age, diabetes, and hypertension. We extend the findings of ROMICAT by establishing BMI, sedentary lifestyle, and COPD as significant independent predictors of uninterpretable segments.
Prior studies assessing CCTA image quality have used subjective quality ratings, signal-to-noise ratio variables, or frequency of calcium and motion artifacts as indices of image quality and failed to report the frequency of uninterpretable segments. 15 In previous studies using a variety of centers and different CCTA scanners, nondiagnostic CCTA test results were present in Ϸ2% of patients. Compared to their results, Ϸ6% of CCTA scans for patients in the development cohort in the present study were subjectively labeled as nondiagnostic at the time of clinical interpretation, which is considerably less than the 16% rate of CCTA scans containing uninterpretable coronary segments.
The URS
Interpretability of an image depends on 2 sets of factors: patient-related (age, BMI, inability to control heart rate, underlying illness that results in patients' ability to be still for the duration of the scan, dyspnea, contrast allergy, etc) and scan-related (heart rate during acquisition, type of scanner with respect to temporal resolution and ability to compensate for degraded image noise with advanced protocols, experi- 
Age, Heart Rate, CACS, and Uninterpretable Coronary Segments
The association of advancing age and likelihood of poorquality CCTA image results are well reported in the medical literature. 11, [15] [16] [17] One small retrospective study using older CCTA technology in 53 individuals aged Ͼ65 found that advancing age adversely affected image quality but did not hamper diagnostic accuracy. 16 Similarly, we identified 2 age groups (65 to Ͻ75 and Ն75 years) to carry escalating risk for obtaining Ն1 uninterpretable coronary segment by CCTA. Uninterpretable coronary segments are not universal in elderly persons, and even at the most advanced ages (Ͼ75 years), we found that Ͼ70% of individuals have all coronary segments interpretable. Restriction of CCTA according to age remains a contentious issue. Although the present findings do not support excluding patients from CCTA based on an absolute age threshold alone, our study did not evaluate the clinical utility of CCTA in elderly patients, and the predictive value of CCTA in older adults remains to be determined. Regarding the likelihood of an uninterpretable coronary segment, our findings support considering the age of a patient in the context of other comorbid conditions known to affect image quality before undergoing CCTA.
The present study confirms and extends results of previous reports that demonstrate the effect of both heart rate and CACS on CCTA study interpretability. 15, 16 Control of heart rate and use of adequate rate-lowering techniques are important technical considerations to improve quality and results in CCTA. Similarly, future studies and predictive models that account for antecedent CACSs are needed and may provide tiered selection approach resource utilization in CCTA.
Limitations
Importantly, the present study did not evaluate clinical indication or appropriateness of the individual CCTA studies used in our models. Therefore, the URS should not be used as a surrogate to clinical impression, define indications for CTA scanning, or restrict patients from this test. Similarly, we emphasize our very limited assessment of outcome and downstream testing data based on presence or absence of uninterpretable study results. Our outcome data were collected at 3 months in the development cohort only. A prospective estimation of outcomes and uninterpretable results is needed. Recall in our study that the factors that predict uninterpretable CCTA results are strongly associated with future cardiovascular risk and poor outcomes. Therefore, our study was unable to establish whether an uninterpretable result incurs additional risk above these risk factors unaided for future outcomes or downstream resource utilization in this population.
This study shares the inherent limitations of registry data, including the presence of selection bias and confounding. Patient variables (ie, medical and social history) were derived from patient questionnaires and may be subject to bias. We did not include patients from the ACIC registry with prior revascularization, coronary anomalies, or congenital heart disease or patients who were asymptomatic; therefore, the results do not apply to these individuals. Our study incorporated clinical data from CCTA scans from 50 various centers with varied CT scanner types and generations. We did not analyze types of CT scanners and influence on CCTA study quality. Similarly, CCTA readers in this registry were varied in background and level of experience (ie, level II). Despite this, our large registry sample provides robust significance of the factors in the URS. Although, it is likely that the future CT technology may reduce frequency of uninterpretable results, the identified factors are likely to be related to scan quality.
Sometimes, CACS is performed before CCTA, and some centers use protocols that abort the CCTA in patients who exceed a calcium score threshold (eg, Ͼ1000 Agatston units). We do not have data on the number of patients who were excluded from CCTA because of antecedent high calcium scores (these patients are not included in the ACIC registry), and this may confound our results. However, in theory, the effect of including these patients would render our measures of predictive models more robust, assuming that high coronary calcium is closely associated with higher rates of poor study quality and factors predictive of poor quality (ie, older age, diabetes, hypertension). Finally, history of atrial fibrillation (by patient report) was used in our score; therefore, heart rhythm (and presence of atrial fibrillation) during the CCTA acquisition was not studied in our analysis.
Factors such as scan pitch, scanner type, contrast material enhancement, various artifacts associated with data creation and reformation, and postprocessing methods were not examined but are known to affect scan quality. 2, 5 Other technical factors are part of a "systems error" and may include poor study timing, nonoptimal equipment settings (ie, incorrect contrast injection rate, improper gating, inadequate CCTA current) or image reconstruction error. 17 These factors are systems based and overcome by meticulous scan preparation and quality improvement and control programs. Further, these technical factors often are unforeseen by physicians who order these tests to evaluate their patients.
We chose to evaluate coronary arteries on a per-segment basis instead of per vessel because a single uninterpretable segment does not allow adequate ruling out of an underlying luminal stenosis as the etiology for chest pain. Despite selecting vessels based on the coronary artery jeopardy score, CCTA interpreters who labeled small distal segments as uninterpretable secondary to small size, not study quality, may confound our study results. Finally, the URS provides an estimate on likelihood of having an uninterpretable segment and not on whether the scan was appropriate, warranted, or useful for clinical decision-making in the individual.
Conclusions
For symptomatic patients undergoing CCTA for the evaluation of CAD, uninterpretable coronary artery segments are common. In a large, statewide CCTA registry, the URS was developed and prospectively validated. The URS comprises age Ͼ65 years; increased BMI; COPD; sedentary lifestyle; and history of atrial fibrillation, diabetes, and hypertension. This risk score provides a reliable estimate of finding a physiologically significant coronary segment that is uninterpretable on CCTA.
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